Micro-ring structured zinc oxide (ZnO) thin films were prepared on glass substrates by spray pyrolysis and their structural, morphological, optical and electrical properties were investigated. X-ray Diffraction (XRD) analysis revealed the films' hexagonal wurtzite phase with a preferred (002) grain orientation. The mean crystallite size calculated on the basis of the Debye-Scherrer model was 24 nm and a small dislocation density of 1:7 × 10 À3 nm À2 was obtained, indicating the existence of few lattice defects and good crystallinity. Scanning Electron Microscopy (SEM) micrographs revealed the film's granular nature composed of rod-shaped and spherical nanoparticles which agglomerated to form micro-ring like film clusters on the film surface. The average transmittance in the visible region, optical band gap and Urbach energy were approximately 75-80%, 3.28 eV and 57 meV, respectively. The refractive index and extinction coefficient were determined using Swanepoel's envelope method. Raman spectroscopy revealed the presence of small amounts of residual tensile stress and low density of defects in the ZnO thin films. This was consistent with XRD analysis. A low sheet resistivity 6:03 × 10 1 Ωcm À Á and high figure of merit 4:35 × 10 À6 Ω À1 À Á were obtained for our films indicating their suitability in optoelectronic applications.
Introduction
Transparent conducting oxide (TCO) thin films have attracted significant research attention in the recent years due to their wide use in optoelectronic devices such as touch screens, liquid crystal displays, solar cells and light emitting diodes [1, 2, 3] . TCOs should exhibit both high electrical conductivity and high optical transparency in the visible region. Indium tin oxide (ITO) is the most commonly used TCO due to its high transparency to visible light and high electrical conductivity [4, 5] . However, there has been a major concern to find suitable alternatives for ITO due to the high cost, scarcity and toxicity of indium, which is its principal constituent element [5] . Furthermore, the optical and electrical properties of ITO are degraded when exposed to a hydrogen plasma environment [3] .
In this regard, transparent conducting zinc oxide (ZnO) is extremely an attractive replacement material for ITO due to its good optical and electrical properties coupled with the low cost, non-toxicity and abundance in nature of Zn [6] . ZnO is an n-type semiconductor material with a direct wide band gap energy (3.37 eV) and large exciton binding energy (60 meV) at room temperature [7] . Its other favourable properties include high electrochemical stability, high thermal stability and good stability in hydrogen plasma, compared to ITO [3, 8, 9, 10, 11] . Previous studies have also reported on the good electrical stability of ZnO thin films [12] and their use as an air stable anode for organic light emitting diodes (OLEDs) [13, 14] .
An assortment of ZnO thin film nanostructures such as nanoparticles [15] , nanorings [16] , micro-rings [17, 18, 19, 20] and micro-rods [21] have been successfully synthesized using a variety of deposition techniques. The most explored deposition techniques include, radio frequency magnetron sputtering [22] , electron beam evaporation [23] , spin coating [24] , dip coating [17, 25] and spray pyrolysis [15] . Out of these, spray pyrolysis is of particular interest due to its inexpensive cost, simplicity, no high vacuum requirement, safety, less waste production and capability of coating large areas [1] .
Deliberate control of size and shape of ZnO nano/micro-structures is becoming an interesting field due to their inherent size and shape dependent applications [17] but to the best of our knowledge, only a few studies have reported on spray pyrolysis deposited ZnO microstructures. Therefore, preparation and characterization of such a material would contribute towards the fabrication of optoelectronic devices. In this study, we report the synthesis and characterization of ZnO thin films with micro-ring structures, deposited on glass substrates at 623 K by spray pyrolysis as possible candidates for replacing ITO films in optoelectronic applications.
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Experimental
ZnO thin films with micro-ring structures were prepared on glass substrates (Corning NY 14831, USA) by spray pyrolysis from 0.1 M of zinc acetate dihydrate [Zn(CH 3 COO) 2 .2H 2 O] (Sigma-Aldrich, USA, 99.999% purity) dissolved in a mixture of methanol and deionized water. The ratio of methanol to deionized water was maintained at 2:1 and a few drops of acetic acid were added to the prepared solution to prevent the precipitation of zinc hydroxide. Prior to deposition, the substrates were ultrasonically cleaned with acetone, isopropanol and finally with deionized water for 15 min in each step and then dried using compressed air.
The prepared solution was pumped by means of an infusion syringe pump at a constant flow rate of 2 ml/min and sprayed directly onto glass substrates placed on a hot plate stove set at 623 K. A stream of compressed air was used to atomize the spray solution through the nozzle fixed at 15 cm directly above the substrate. (103) and (212) planes of ZnO suggested the presence of some randomly oriented grains. However, there was a strong preferential growth orientation along the (002) plane indicating that the films grow perpendicular to the substrate. This was comparable with other ZnO microstructures such as micro-rings [20] , microrods Article No~e00285 [26, 27] and microsausages [15] but in contrary with micro-rings [17, 19] which had a predominant (101) diffraction peak. Aslan et al. [28] reported that the (002) plane of ZnO is thermodynamically more favourable because it offers the least surface energy. The (002) peak position (35.018°) observed in this study was slightly higher than 34.467°for bulk ZnO (COD 10 11 258) and this was attributed to some residual stress in the film, likely originating from a mismatch in the thermal expansion coefficients of ZnO and the glass substrate. Liu et al. [29] attributed this deviation to surface effects which cause lattice deformations and reduction in the lattice parameter along the c-axis.
Results and discussion
Structural properties
The mean crystallite size (D) was evaluated according to broadening of the highest intensity peak corresponding to the (002) diffraction plane using the Debye-Scherrer formula shown in Eq. (1) [30] :
where λ, β, and θ are the X-ray wavelength (1.5418 Å), full width at half maximum (FWHM) in radians (corrected for instrumental broadening) and Bragg's diffraction angle, respectively. The FWHM and D were found to be 0.347°and 24 nm, respectively. The dislocation density (δ) was calculated from D using Eq. (2) [31]:
and was found to be 1:7 × 10 À3 nm À2 . This lower value for δ implied that our films had very few lattice defects and good crystalline qualities. The lattice parameters a and c were calculated using Eq. (3) [32] :
[ ( F i g . _ 1 ) T D $ F I G ] Fig. 1 . XRD pattern of the micro-ring structured ZnO thin film deposited on glass substrate at 623 K.
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where d hkl is the interplanar spacing obtained from Bragg's law, and h, k and l are the Miller indices denoting the plane. The lattice parameters were estimated to be a = 3.21 Å and c = 5.12 Å, which are slightly lower than those for bulk ZnO, a = 3.22 Å and c = 5.2 Å (COD 10 11 258), may be due to the effects of compressive strain on the film's grains.
The strain (ε) and stress (σ) in the film, along the c-axis were found to be À1:45 × 10 À2 and 3:37 GPa, respectively, using Eqs. (4) and (5) [33, 34] :
where c f ilm and c bulk (5.2 Å) are the lattice parameters of the film and unstrained ZnO, respectively. The obtained values indicated the presence of small amounts of compressive strain and tensile stress in the film and these may be the ones responsible for the slightly larger (002) peak position and relatively smaller lattice parameter c. The Zn-O bond length (L) was also calculated using Eqs. (6) and (7) [35]:
where u is a wurtzite structure parameter. L was found to be 1.95 Å, which is slightly lower than 1.9767 Å for bulk ZnO [36] and this may be a result of compressive strain on the film. The film had an average transparency of about 75-80% in the visible region which may be associated with the film's good structural homogeneity and crystallinity [7] . This was higher than 20% [26] and 25% [27] for undoped ZnO microrods and 60% [15] for undoped ZnO microsausages. A sharp absorption edge was observed [ ( F i g . _ 2 ) T D $ F I G ] at approximately 375 nm and this was in fair agreement with Karakaya et al. [38] and Winer et al. [10] . This strong absorption correlates with the band gap at which incident photons will be having enough energy to cause electronic excitations across the band gap [38] .
Morphological properties
Optical properties
The optical absorption coefficient (α) was calculated in the strong absorption region using the Beer-Lambert law shown in Eq. (8) [39] :
where t and T are the film thickness and transmittance, respectively. The optical band gap (E g ) was estimated by assuming a direct transition between the valence and conduction bands using the Tauc model in the high absorption region, given in Eq. (9) [40] :
where hν is the energy of the incident photon and B is an energy-independent constant. E g was found to be 3.28 eV from the Tauc plot of αhv ð Þ 2 versus hv, shown in Fig. 4 , by extrapolating the linear portion of the absorption edge to αhv ð Þ ¼ 0. This was slightly less than 3.31 eV for bulk ZnO [41] , due to grain boundaries and imperfections in the film [42] . However, this value was relatively greater than 3.22 eV for ZnO micro-rings [20] 
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Near the fundamental absorption edge, the absorption coefficient shows an exponential dependence on photon energy as shown in Eq. (10) [43] :
where α 0 is a constant and E u is the Urbach energy interpreted as the width of the exponential absorption edge. In the Urbach absorption tail model, the absorption edge band gap of a material arises from states created by that material's defects and disorders [14] . Caglar et al. [44] reported that E u plays a significant role in [ ( F i g . _ 4 ) T D $ F I G ] Fig. 4 . Variation of αhv ð Þ 2 versus hv for the micro-ring structured ZnO thin film.
[ ( F i g . _ 5 ) T D $ F I G ] Fig. 5 . A plot of lnα versus hv of the ZnO micro-ring structured thin film.
investigating structural disorders in a thin film. Fig. 5 shows a linear fit of lnα versus hv on which E u was found to be 57 meV by calculating the reciprocal of the gradient.
The refractive index (n) and extinction coefficient (k) were calculated from the transmittance spectrum ( Fig. 4) using Swanepoel's envelope method. Sathiaraj [4] , reported on the relative stability of the envelope method and its immunity to imprecision in measured data. The refractive index was calculated from Eqs. (11) and (12) [45] :
where n s ¼ 1:52 is the refractive index of the glass substrate, T M and T m are maximum and minimum transmittances measured at the same wavelength in the fitted envelopes on Fig. 4 . The extinction coefficient was also calculated from Eqs. (13) and (14) [38, 39] : 
where α is the absorption coefficient and t is the film thickness. The spectral dependence of both n and k in the visible region was respectively plotted in Fig. 6 and Fig. 7 .
The refractive index was observed to decrease exponentially from about 1.731 to 1.675 between 425 nm and 650 nm, after which it became nearly constant. Small k values between 0.010 and 0.021 were obtained over the entire visible region, indicating the high transparency nature of the prepared films. The spectral dependence of n and k with wavelength obtained in our study is in good agreement with Ashour et al. [46] .
Electrical properties
The schematic representation of the Four-Point Probe (shown in Fig. 8) illustrates that a fixed current (I) is injected into the ZnO thin film of thickness (t) through the two outer probes (1 and 4) and a voltage (V) is measured between the two inner probes (2 and 3).
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For probes with a uniform spacing s (1.6 mm) >> t (650 nm), the electrical resistivity (ρ) is given by Eq. (15) [47]:
where V, I, R s and t are the voltage, current, sheet resistance and film thickness, respectively. The electrical resistivity was found to be 6:03 × 10 1 Ωcm, which is relatively lower than 5:39 × 10 3 Ωcm and 2:23 × 10 3 Ωcm reported by Muiva et al. [15] and Bacaksiz et al. [26] , respectively, for undoped ZnO microstructured thin [ ( F i g . _ 6 ) T D $ F I G ] Fig. 6 . The dependence of refractive index with wavelength.
[ ( F i g . _ 7 ) T D $ F I G ] Fig. 7 . The dependence of extinction coefficient with wavelength.
films. Generally, the electrical resistivity of thin films may be affected by isotropic background scattering (arising from phonons and point defects), external surface scattering and grain boundary scattering [48] . In this study, the electrical resistivity was likely influenced by carrier scattering and trapping at grain boundaries of the small sized particles rather than scattering due to crystal defects since a very small defect density value was obtained. Absence of doping may also have caused the observed electrical resistivity which is in the order of 10 1 Ωcm. Dahoudi [11] reported that intergranular voids and pores present discontinuities between nanoparticles, thereby inhibiting the smooth mobility of charge carriers, resulting in a relatively high electrical resistivity. Therefore, in this study the appearance of very few pores and voids as revealed by SEM analysis, presented less discontinuities between nanoparticles, hence, giving rise to the obtained low electrical resistivity.
The suitability of our films for optoelectronic applications was quantified by the best combination of high electrical conductivity and low absorption of visible light, known as the figure of merit ϕ ð Þ, calculated using Eq. (16) [49] :
where α is the absorption coefficient at 550 nm and is the electrical resistivity. The figure of merit for our films was 4:35 × 10 À6 Ω À1 À Á . This value is relatively higher than 1:5 × 10 À6 Ω À1 obtained for spray deposited ZnO microstructures by Muiva et al. [15] which they reported as acceptable for optoelectronic applications, indicating that our films are also suitable for optoelectronic device fabrication.
[ ( F i g . _ 8 ) T D $ F I G ] 3.5. Raman spectroscopy Fig. 9 shows the Raman spectrum of the ZnO thin films. The Raman peaks around 437 cm −1 and 575 cm −1 were assigned to ZnO E 2 (high) and A 1 longitudinal optical (LO) modes, respectively. Raman spectroscopy of the E 2 phonons plays a significant role in the study of residual stress within ZnO crystals because the stress induced in wurtzite structure crystals affects the E 2 phonon frequency, hence, allowing the extraction of information on stress from the E 2 mode [50, 51] . A decrease in the E 2 phonon frequency is attributed to tensile stress while its increase is attributed to compressive stress [50, 51] . In the present study, the E 2 vibration mode at 437 cm −1 is characteristic of the wurtzite phase and its value is slightly lower than 439 cm −1 for the stress free bulk ZnO [52, 53] , suggesting that our ZnO thin films were under some slight tensile stress. The stress probably originated from a mismatch in the thermal expansion coefficient of the ZnO thin film 4:75 × 10 À6 K À1 À Á and the glass substrate 2:60 × 10 À6 K À1 À Á [54] . The relatively higher intensity and sharp peak of the E 2 (high) mode as compared to the other peaks also indicated that the ZnO thin films had a hexagonal wurtzite phase with good crystallinity. This was consistent with XRD analysis.
The A 1 (LO) mode at 575 cm −1 originates from defects such as oxygen vacancies and Zn interstitials [55] and its relatively low intensity peak indicates a relatively low density of defects in the ZnO thin films. This corroborates our XRD analysis.
In addition, the position of the A 1 (LO) mode obtained in this study was comparable with that of bulk ZnO (574 cm −1 ) [52, 53] . The weak peak at 330 cm −1 was attributed to second order Raman processes [52, 53] .
[ ( F i g . _ 9 ) T D $ F I G ] Fig. 9 . Raman spectrum of the ZnO thin film with micro-ring structures.
Conclusion
The structural, morphological, optical and electrical properties of spray pyrolysis deposited ZnO micro-ring structured thin films were characterized. The films had a hexagonal wurtzite crystal structure with a preferred orientation along the (002) direction. SEM micrographs showed nanoparticles which coalesced to form microrings on the surface of the film. High average transmittances, around 75-80% were observed in the visible region. The wavelength dependence of refractive index and extinction coefficient also confirmed the high transparency nature of the films. The optical band gap and Urbach energy were determined to be 3.28 eV and 57 meV, respectively. The ZnO E 2 (high) and A 1 (LO) Raman modes were observed at 436 cm −1 and 576 cm −1 , respectively. A low electrical resistivity of 6:03 × 10 1 Ωcm and high figure of merit of 4:35 × 10 À6 Ω À1 , indicated the suitability of the ZnO micro-ring structured thin films for optoelectronic applications. 
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